Among the various solar-hydrogen production techniques a combination of a photovoltaic (PV) and an electrolytic cell into one single system, a monolithic PV-electrolytic cell, has been suggested as a promising one in terms of efficiency and stability. In this mini-review, we describe our recent efforts on the fabrication of the monolithic PV-electrolytic cell. Particularly, we focus on the electrocatalysts for water oxidation and its fabrication method suitable for a monolithic PV-electrolytic cell. We also introduce proto-type devices with a dye-sensitized solar cell module and an InGaP/ GaAs photoelectrodes.
Introduction
Because of the concerns about fossil fuel shortage and environmental issues related with global warming the interest in renewable energy resources is rapidly increased in recent years. Hydrogen may be one of the most promising clean energy carriers because its waste after the conversion of the chemical energy to electrical energy using a fuel cell is only water.
1) Among the diverse methods to produce hydrogen, its production from water using solar light may be the most ideal because it can be produced at the expense of nearly unlimited clean natural resources.
A way of producing solar-hydrogen is called photoelectrochemical (PEC) water splitting by which solar light can be converted to enough electrical energy to split water to generate hydrogen and oxygen.
2) In other word, PEC is a single device which has functions of both a photovoltaic and an electrolyzer. However, it is different from a simple separated system of photovoltaic (PV) and a conventional electrolyzer since it has merits in terms of both efficiency and cost due to the removal of the electrical current collection network and concomitant current transmission losses.
3)
Originally, PEC was suggested by using a single band gap semiconducting material (e.g. TiO 2 ) as a photoelectrode in which water splitting can occur directly at the semiconductor/liquid interface ( Fig.  1(a) ). 4) In this case the photoelectrode material plays two roles: photo-induced charge generation and catalytic function to decrease overpotential. In spite of the promising performance of metal oxide semiconductor photoelectrode in water splitting, however, there are some unresolved problems of this water splitting system such as instability of photoelectrode semiconductor material in the aqueous electrolyte conditions and requirement of an extra external bias in some cases.
5)
To overcome the problems of the single band-gap material photoelectrode, a combination of a PV and an electrolytic system into one single system, namely a monolithic PV-electrolytic cell, has been suggested as † Corresponding author. Tel.: +82-2-958-5853 E-mail address: bkmin@kist.re.kr Review an solar hydrogen generation system (see Fig. 1(b) ).
6)
It is noteworthy that in the monolithic PV-electrolysis system a PV and an electrocatalytic film are designed to be on either side of a conducting substrate. The stability problem of photoelectrode, therefore, can be overcome by separating the aqueous electrolyte from the photoelectrode material which is generally vulnerable in an acidic or alkaline aqueous solution.
In this mini-review we describe the fabrications and characterizations of each component in the monolithic PV-electrolytic cell, which have been studied in our laboratory to date.
Fabrication of the Anode
To split water, an applied voltage should be high enough to provide the free energy for water splitting (1.23 eV) and to overcome overvoltage losses resulting from an activation barrier of water decomposition and any various resistances in a device. In general, the total overvoltage losses are estimated to ~0.8 V; therefore, the voltage required in efficient water splitting is 2 V. 7) Large overpotential in water splitting reaction is attributed to an anodic reaction for water oxidation in which substantial energy loss occurs. Therefore, the role of electrocatalytic material of an anode is of importance to achieve highly efficient water splitting reaction. Some metal oxide materials have also shown a high activity due to their high surface area and stability for an oxygen evolution electrode. 8) In general, RuO 2 or IrO 2 was used as an electrocatalytic material for water oxidation, but those are quite expensive. On the other hand, Co 3 O 4 is considered to be an alternative since it is inexpensive yet, and its electrocatalytic properties are still comparable to those of RuO 2 or IrO 2 .
9,10)
Since electrocatalytic material needs to be formed on the reverse side of the PV photoelectrode in the monolithic PV-electrolytic cell, it is very important to consider that the fabrication of electrocatalyst layer should not deteriorate the pre-made PV during the deposition processes (e.g. heat treatments). In addition, to make a low cost water splitting system both material and film preparation method should be cost effective. In our study, therefore, a printing method concomitant with low temperature casting was developed by means of a paste of Co 3 O 4 nanoparticles.
A paste was prepared by dispersing a Co 3 O 4 powder (~50 nm) in iso-propanol followed by adding a Nafion solution (20 wt%, DuPont). This solution was then mixed by a paste mixer and subsequently coated on a stainless steel (SUS) foil by a doctor-blade coating. After coated by the paste on SUS substrates, the samples were placed into an oven for casting at 50 o C for 5 h under ambient conditions. 11) Fig. 2 shows the XRD patterns and SEM image of the films on the SUS substrate. The XRD patterns of the films are exactly the same as those of the Co 3 O 4 powder, indicating that no significant change in crystal structure of Co 3 O 4 after the film formation ( Fig. 2(a) ). The morphology of the film shows Co 3 O 4 nanoparticles with the average size of ~50 nm, but the nanoparticles seem to be buried or surrounded in some amorphous material, implying the presence of the organic material in the film (Fig. 2(b) ).
It is important to note that the Co 3 O 4 film casted at 50 o C showed the highest H 2 (as well as O 2 ) evolution rate, and the activity was decreased as the film casting temperature increased up to 500 o C (Fig. 3 ) in which the Co 3 O 4 nanoparticles are present without organic residues, implying that incorporated Nafion plays some roles in electrocatalysis of Co 3 O 4 nanoparticles in the film. In addition, the Co 3 O 4 film casted at 500 o C was unstable in aqueous solution during the water splitting experiment.
Size-dependent Electrocatalytic Activities of the Anode
The ways to improve the electrocatalytic activity is to control the particle size because small crystal size enhances electrocatalytic activity by increasing surface area. One of the methods to obtain the information of surface area of catalyst is the integration of a current density-voltage (J-V) curve from a cyclic voltammogram that provides the voltammetric charge (q*). The q* is related with the amount of protons exchanged between the oxide surface and the aqueous solution. Particularly, when sweep rate is slow during cyclic voltammetry, the q* is related with the whole active surface area.
12)
In our experiment, 13) the active surface areas of Co 3 O 4 films were estimated by evaluating the q* from the integration of the J-V curve from 0.20 to 0.55 V in a cyclic voltammogram with respect to the Co 3 O 4 particle sizes of 145.9, 63.3, and 36.5 nm that is denoted by film A, B and C, respectively (Fig. 4) . The q* of 57.8, 86.1 and 95.7 mC cm −2 was calculated for film A, B and C, respectively.
To further investigate the relationship between particle size of electrocatalyst and actual catalytic activity of the anode electrocatalytic films water splitting reaction was carried out by means of a home-made electrolytic cell in which a Pt foil and an anion exchange membrane were used as a cathode and a separator, respectively. The highest hydrogen evolution rate was observed when the film C was used as an anode, which is ~16% higher than that of the film A (Fig. 5) .
Preparation of the Cathode
In contrast to an anode the overpotential ascribed to a cathode is relatively small when Pt is applied as an electrode material. We also confirmed that a Pt foil is better material in water electrolysis than a SUS foil when used in the cathode. However, Pt is quite expensive metal; therefore, it has been required to be substituted with less expensive material or to use less amount of Pt. To prepare nanosized Pt particles on the SUS foil the Pt precursor solution which was prepared by dissolving 5 mM hydrogen hexachloroplatinate hydrate (H 2 PtCl 6 ·xH 2 O x = 5.8) in isopropanol was deposited on a SUS substrate followed by heat treatment at 360 o C for 10 min. 14) As seen in SEM image in Fig. 6(a) , randomly dispersed, rod shape Pt particles with the length of ~100 nm were formed on the SUS substrate. The comparison in hydrogen production rate showed that particulate Pt supported on the SUS foil is more active than only the Pt foil or the SUS foil (Fig.  6(b) ).
Among many factors to create overpotential in electrolysis bubble overpotential is also substantial because evolved gases (bubbles) do not easily leave from the electrode surface, which reduces the effective area for current. To lessen the bubble overpotential channels were patterned on the SUS plate as seen in Fig. 7(a) . The distance and the depth of the grooves were designed to be 1.0 and 0.25 mm, respectively. The channels are perpendicular to the bubble flow directions. The patterned SUS plate was then tested for the cathode, and its activity was compared with the same SUS plate without channels. The SUS plate with the channels revealed ~21% higher activity than that without the channels (Fig. 7(b) ).
Device Construction
The monolithic PV-electrolytic cell that we were developing is schematically described in Fig. 1(b) . As mentioned earlier a PV and an electrocatalytic film are designed to be on either side of a conducting substrate. Between an anode and a cathode an anion exchange membrane were placed as a separator. NaOH (1 M) solution was used as an electrolyte.
Two types of devices were constructed by using a dye-sensitized solar cell (DSSC) module photoelectrode and a double junction III-V (InGaP/GaAs) photoelectrode. Notably, for the monolithic PVelectrolytic cell with the DSSC module photoelectrode conducting glass substrates (e.g. FTO) were used for both an anode and a cathode instead of SUS substrates. To make the both sides of glass substrate conductive FTO and Ag were coated, respectively. DSSC module was then prepared on the FTO side, and electrocatalytic layer was formed on Ag coated surface. In the case of the device with InGaP/GaAs photoelectrode acryl was used for the frame of the electrolytic cell. To flow the electrolyte through the cell inlets and outlets were placed on the side of the acryl frame. In between the acryl frames an anode substrate, a membrane, and a cathode substrate were installed and bolted together to be a monolithic device. The photo- graphs of the integrated monolithic PV-electrolytic cells are shown in Fig. 8 . The entire size of the device is 10 × 10 cm 2 and an active area of electrocatalytic layer which is contacting with electrolyte is 36 cm 2 . Finally, water splitting reaction was performed by the monolithic PV-electrolytic cells. The hydrogen and oxygen production rate was measured by a homemade set-up where the volume changes of the collected gases were measured with respect to the reaction time. For example, the monolithic PV-electrolytic cell with the InGaP/GaAs photoelectrode was used in the water splitting reaction. Notably, InGaP/GaAs photoelectrode is thermally stable; therefore, concentrated light can be applied. To concentrate the light a Fresnel lens was placed in front of the monolithic PVelectrolytic cell, and distance was adjusted to generate maximum current in the water splitting system. The light intensity we obtained was 100 Sun. The water splitting reaction by this device resulted in hydrogen production rate of 360 ml/h which corresponds to solar light to hydrogen efficiency (STH) of 10.7% based on the equation (1). 
where P total is incident illumination power density, and A is the illuminated electrode area (1 cm 2 ), respectively.
Summary
In order to make efficient and stable solar-hydrogen production system a monolithic PV-electrolytic cell was suggested, in which a PV and an electrocatalytic film are designed to be on both sides of a conducting substrate. In this device, therefore, the electrocatalyst layer for an anode needs to be fabricated at low temperature. In our study, a printing method concomitant with low temperature casting was developed using a paste of Co 3 O 4 nanoparticles. In addition, to use less amount of expensive Pt nanosized Pt particles were prepared on the SUS foil using the Pt precursor solution. The proto-type device with InGaP/GaAs photoelectrode showed solar light to hydrogen efficiency of 10.7%.
